Etiology

Introduction {#s0005}
============

About 15% of couples of reproductive age are affected by infertility, with male factors contributing up to 50% of the reduced fertility [@b0005]. However, since the advent of intracytoplasmic sperm injection (ICSI), little attention has been given to the evaluation of infertile men. Conventional semen analysis remained the only routine diagnostic test for male infertility, despite the lack of capability in discriminating infertile from fertile men and up to 40% of infertile men have semen parameters within normal reference ranges [@b0010]. Even with the rapid development of assisted reproductive technology (ART) during the last few decades, the live-birth rate does not exceed 30% [@b0015]. Resolving the problem of male infertility is the rational approach to improve treatment outcomes of infertile couples rather than bypassing the male factors with ART.

There is a need to search for additional diagnostic tools to improve prediction of fertility and direct management decisions of infertile couples. An understanding of male infertility at the molecular level and the recognition of sperm DNA integrity has revived interest in sperm function tests in recent years. Emerging evidence on the role of sperm DNA integrity on reproductive outcomes and development of sperm DNA fragmentation (SDF) assays opens a new horizon in clinical andrology. Although the routine use of SDF testing in the evaluation of infertile men is generally not supported, the value of the test has been acknowledged in the latest AUA and European Association of Urology (EAU) guidelines [@b0020], [@b0025].

The present review summarises the role of SDF in male infertility. Firstly, normal sperm chromatin structure and the causative mechanisms of SDF are briefly introduced. Currently available SDF assays are also discussed. Secondly, the implications of SDF on natural pregnancy and ART outcomes are presented. The possible genetic consequences and birth defects in offspring are put forward. Finally, treatment options for high SDF and clinical application of SDF tests are proposed.

Materials and methods {#s0010}
=====================

The PubMed database was searched from time of inception to October 2017. The search was limited to studies published in English and only human studies were included. The search terms were 'sperm DNA fragmentation' and 'male infertility'. The two keywords were combined with 'AND' to capture all citations that were relevant to our research question.

Studies were selected if male patients with primary or secondary infertility were included in the target population. The inclusion criteria for this review were reporting of clinical outcome parameters including fertilisation, pregnancy, birth, and miscarriage rates. Studies involving interventions that did not alter clinical outcomes were excluded. Relevant information was extracted from all studies that fulfilled the selection criteria. The most recent or the most complete publication was used in cases of duplicate publications.

Results {#s0015}
=======

In all, 605 studies were initially retrieved from the database using the search strategy described above. Review of the titles and abstracts of all studies indicated 26 duplicate and 289 irrelevant studies. The remaining 290 studies were scrutinised by the authors. Of these, 140 studies were excluded due to various reasons as listed in [Fig. 1](#f0005){ref-type="fig"}. Eventually, 150 studies met the inclusion criteria and were included in the review.Fig. 1Flow diagram illustrating study selection.

Discussion {#s0020}
==========

SDF {#s0025}
---

Sperm are specifically designed for the transmission of a complete haploid genome to the ovum that will ultimately constitute a new individual. The success of the process partly relies on the compaction of genetic material adjusting to the extremely limited volume of the sperm nucleus. Protamination represents the unique process in which histones are removed and replaced by positively charged protamines forming tight toroidal complexes during the condensation process. Emerging evidence supports the importance of chromatin organisation during fertilisation and early embryo development [@b0030]. In fact, a certain degree of DNA breaks are present in sperm from fertile men and the level varies from one sperm to another [@b0035]. It is thought that controlled DNA nicking during DNA compaction is essential to relieve the stress in the molecule. However, infertile men usually have a larger proportion of sperm with higher levels of fragmented DNA than fertile men.

Both intrinsic and extrinsic factors are involved in the pathogenesis of fragmented DNA. Poor chromatin structure renders the sperm vulnerable to DNA damage in the face of extrinsic factors. The lack of a DNA repair mechanism in sperm also explains its susceptibility to DNA fragmentation. Abortive apoptosis [@b0040] and defective maturation [@b0045] theories were proposed to explain the intrinsic factors in the generation of SDF in testicular sperm. However, there is evidence showing that there is more DNA fragmentation in epididymal and ejaculated sperm than in testicular sperm, suggesting extrinsic factors being more significant in most patients [@b0050]. Recently, oxidative stress has been identified as an important extrinsic cause of SDF [@b0055]. The presence of a large amount of polyunsaturated fatty acids in the plasma membrane makes sperm particularly susceptible to oxidative stress-mediated damage [@b0060]. A supraphysiological level of reactive oxygen species (ROS) overwhelms the protective antioxidant system and results in sperm DNA strand breaks [@b0065]. The close relationship between efficiency of sperm chromatin protamination and the degree of oxidative DNA damage as the causes of SDF is summarised in [Fig.2](#f0010){ref-type="fig"}.Fig. 2Causes of SDF. Reprinted with permission, Cleveland Clinic Center for Medical Art & Photography ©2017. All Rights Reserved.

Following the increasing interest in the association between SDF and reduced fertility, the advancement in molecular biology and SDF assays in the 1980s and 1990s has hastened the research in the area. Currently, eight methods to assess SDF ([Table 1](#t0005){ref-type="table"}) are clinically available, which are generally classified into two types: direct and indirect. Whilst direct tests measure the extent of sperm DNA damage by using probes and dyes, indirect tests assess the susceptibility of DNA to denaturation that occurs more commonly in fragmented DNA [@b0070]. Amongst the SDF assays, the sperm chromatin structure assay (SCSA), terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL), sperm chromatin dispersion (SCD) and single cell gel electrophoresis assay (Comet) have standardised protocols and represent the mostly widely used tests [@b0075].Table 1SDF testing methods.TestPrincipleMethodResultAdvantageDisadvantageAcridine orange (AO) testMetachromatic shift in fluorescence of AO when bound to DNA breaksAcid denaturation, followed by staining by AO\
Uses fluorescent microscopyNormal DNA fluoresces green\
Denatured DNA fluoresces orange-redRapid and simple\
InexpensiveInter-laboratory variations\
Lack of reproducibilityAniline blue (AB) stainingGreater affinity for lysine-rich histones in immature spermStaining by AB\
Uses optical microscopyNuclei of immature sperm stain blue\
Protamine-rich nuclei of mature sperm remain unstainedRapid and simple\
InexpensiveInter-laboratory variations\
Lack of reproducibility and precision dependent on staining efficiencyToluidine blue (TB) stainingHigh affinity for sperm DNA phosphate residues associated with damaged chromatinStaining by TB\
Uses optical microscopyProducing an intense violet-blue colouration after incorporation into damaged chromatinRapid and simple\
InexpensiveInter-observer variability\
Precision dependent on staining efficiencyChromomycin A3 (CMA3) stainingCompete with protamine for the same binding site in DNAStaining by CMA3Highly positive test reflects a low DNA protamination state associated with poorly packaged sperm chromatinStrong correlation has been demonstrated with other SDF assaysInter-observer variability\
Inter-laboratory variability not tested\
Technically demandingTUNELQuantifies the enzymatic incorporation of dUTP into DNA breaks as percentage of fluorescent spermLabelled nucleotides are added to site of DNA fragmentation\
Fluorescence is measured by flow cytometry or fluorescence microscopySperm with fragmented DNA showed fluorescence\
Result presented as percentage of fluorescent spermDirect assay\
Can be performed in fresh or frozen samples\
Can performed on few sperm\
Detects both single- and double-strand DNA breaks\
Commercial assay available\
Reference sample is not requiredRequires standardization among laboratories\
Time-consuming\
Immature spermatozoa are not evaluated\
Variable clinical thresholds reported in the literatureSCSAMeasures the susceptibility of sperm DNA to denaturationAcid denaturation, followed by staining by AO\
Measurement by flow cytometry\
Uses fluorescent microscopyNormal DNA fluoresces green\
Denatured DNA fluoresces orange-red\
Result presented as DNA fragmentation index (%DFI) and high DNA stain ability (%HDS)Standardised protocol available\
Rapid evaluation of large number of spermatozoa\
Correlations with results of other SDF assays\
Established clinical thresholds\
Can be performed on fresh or frozen samplesIndirect assay involving acid denaturation\
Proprietary protocol with no commercial assay\
Requires expensive instrument and highly skilled techniciansSCD/Halo testAssess dispersion of DNA fragments after denaturationAgarose-embedded sperm are subjected to a denaturing solution to remove nuclear proteins\
Uses fluorescent microscopy to observe chromatin dispersion after stainingSperm with fragmented DNA do not produce halo\
Characteristic halo of dispersed DNA loops are observed in sperm with non-fragmented DNA\
Result presented as percentage of sperm with non-dispersed chromatinRelatively simple test with commercial kit availableIndirect assay involving acid denaturation\
Inter-observer variability\
Time-consuming and labour intensive if using microscopic evaluationSCGE/Comet assayElectrophoretic assessment of DNA fragments of lysed DNAGel electrophoresis performed in alkaline or neutral conditionsSize of comet tail represents the amount of DNA fragments that stream out of the sperm head\
Result presented as mean amount of DNA damage per spermatozoonDirect assay\
Can be performed on few sperm\
Detect multiple types of DNA damage of individual spermatozoon\
Result correlates well with other SDF assaysRequires fresh sample\
Inter-observer variability\
Time consuming\
Requires experienced observer[^2]

Although the results from different SDF assays are generally not comparable due to the different aspects of SDF measured [@b0080], the tests are interrelated by commonly reflecting the properties of sperm DNA and may indicate a common origin of damage [@b0085]. Indeed, moderate correlations, with coefficients ranging from 0.3 to 0.7, have been reported amongst various SDF tests including SCSA, SCD and TUNEL assays [@b0090]. Moreover, the predictive value of SDF in both natural pregnancy and ART outcomes has been consistently reported from various centres using different testing methods in a wide range of patients [@b0095]. It appears that a standardised protocol and specimen collection for SDF assays in a specialised andrology laboratory with good quality control is critical in generating a clinically useful result, irrespective of the different testing methods used [@b0075]. The lack of a clear threshold value for SDF assays is often considered as another pitfall, deterring the wider application of the test. However, fertility potential should be conceptualised in terms of probability rather than a bimodal parameter. The quest for a clear threshold of a diagnostic test in the context of complex human reproductive system is probably an oversimplification. The coexistence of factors from both partners in an infertile couple cannot be accurately assessed by a single laboratory test on either partner. Whilst a clear threshold value is preferred for a scientific study, it is reasonable to adjust the acceptable level of SDF according to a specific clinical scenario in accordance to other confounders [@b0100].

Studies on the possible correlation between SDF and conventional semen parameters yielded ambiguous conclusions. On one hand, a negative association between SDF and morphologically normal spermatozoa has been reported. On the other hand, the fact that sperm with high SDF can have normal motility and morphology suggests additional prognostic value of the assessment [@b0105]. In fact, the value of SDF as an independent attribute of semen quality in additional to conventional semen analysis has recently been supported [@b0110]. A higher level of SDF is also found in men with abnormal semen parameters and normozoospermic partners of infertile couples [@b0115]. SDF test results reflect overall sperm quality to a certain extent and are complementary to semen analysis, but more significant and distinct than conventional semen parameters.

Implications of SDF on reproductive outcomes {#s0030}
--------------------------------------------

### Natural pregnancy {#s0035}

The number of reports on the relationship between SDF and natural pregnancy may seem scarce compared to reports on ART outcomes [@b0095], but good quality data are not lacking. Time-to-pregnancy, which is an excellent endpoint in assessment of fertility potential, has been reported. The Danish First Pregnancy Planner study provided solid evidence by illustrating the correlation between infertility and an SDF index of \>30% in an unselected population of unknown fertility capability. A high proportion of sperm exhibiting SDF was associated with a longer time to achieve natural pregnancy, in addition to lower fertility potential, compared to low SDF [@b0120]. In the Longitudinal Investigation of Fertility and the Environment study, which enrolled ∼500 couples with no infertility history discontinuing contraception for the purpose of becoming pregnant, SDF was associated with fecundity [@b0125]. A meta-analysis involving three studies and 616 couples suggested high SDF, determined by SCSA, was associated with failure to achieve natural pregnancy with an odds ratio (OR) of 7.01 (95% CI 3.68, 13.36) [@b0130].

Intrauterine insemination (IUI) {#s0040}
-------------------------------

The association between high SDF and poor IUI outcomes is not without debate. The decline in the use of IUI in many fertility centres worldwide limits data acquisition. In one study, an SDF index of \>30% by SCSA was a predictor for decreased pregnancy and delivery rates after IUI with an OR of 9.9 (95% CI 2.37, 41.51) [@b0135]. Insemination of \>12% TUNEL-positive spermatozoa resulted in no pregnancy in another study [@b0140]. A recent study also suggested an SDF index of \>27% by SCSA has a negative impact on the IUI pregnancy rate [@b0145].

In vitro fertilisation (IVF)/intracytoplasmic sperm injection (ICSI) {#s0045}
--------------------------------------------------------------------

The relationship between SDF and pregnancy rates after IVF has been more extensively studied. Notwithstanding, the interpretation of results is limited by the heterogeneity in study populations, SDF assays, protocols, and thresholds. Furthermore, many of the studies analysed both IVF and ICSI patients as a single entity, despite the difference between the techniques.

Earlier systematic reviews have reported a modest relationship between SDF and pregnancy rates with IVF. Lower pregnancy rates in patients with high SDF with a combined OR of 1.57 (95% CI 1.18, 2.07) was observed by evaluating nine IVF studies (six using TUNEL and three SCSA) [@b0150]. Likewise, 553 patients who underwent conventional IVF were studied in another review. A statistically significant association between SDF measured by TUNEL, SCSA and Comet with an OR of 1.27 (95% CI 1.05, 1.52; *P* = 0.01) was reported [@b0155].

In contrast, compelling evidence suggests that SDF has a negligible effect on ICSI outcome measures. A systematic review failed to find a significant association between SDF and ICSI pregnancy rates with a combined OR of 1.14 (95% CI 0.86, 1.54) [@b0145]. Another meta-analysis included 16 cohort studies, with 3106 couples, and reported a lower pregnancy rate in the context of high SDF only in patients undergoing IVF (OR 0.66, 95% CI 0.48, 0.90; *P* = 0.008) but not ICSI (OR 0.94, 95% CI 0.70, 1.25) [@b0160].

Controversies remain as demonstrated by more recent systematic reviews and meta-analyses. In a recent meta-analysis, 56 studies were included and classified into IVF (16 studies), ICSI (24 studies), and mixed IVF/ICSI (16 studies) [@b0165]. The authors concluded that SDF predicts poor clinical pregnancy rates for both IVF (OR 1.65, 95% CI 1.34, 2.04; *P* \< 0.001) and ICSI (OR 1.31, 95% CI 1.08, 1.59; *P* \< 0.007) [@b0165]. Another systematic review and meta-analysis, on the other hand, reported a fair to poor predictive value of various SDF assays in the prediction of pregnancy after IVF or ICSI. All tests generally showed higher sensitivity and lower specificity [@b0170]. However, both meta-analyses were limited by the high study heterogeneity and poorly controlled female factors [@b0165], [@b0170].

Importantly, clinical and ongoing pregnancy rates are less relevant outcomes. A recent systematic review and meta-analysis sought to examine the effect of SDF on live-birth rates in IVF and ICSI. Six observational studies (three using SCSA, two TUNEL, and one Comet) and 998 couples were identified. The meta-analysis showed that couples whose male partners had low SDF achieved higher live-birth rates after IVF (relative risk \[RR\] 1.27, 95% CI 1.05, 1.52) and ICSI (RR 1.11, 95% CI 1.00, 1.23). Further subgroup analysis showed that the impact of SDF on live-birth rates amplified significantly in IVF (RR 2.76, 95% CI 1.59, 4.80; *P* \< 0.001) but became insignificant in ICSI (RR 1.08, 95% CI 0.39, 2.96) when female factors were controlled for [@b0175]. This result also signifies the potential role of ICSI in the treatment of men with high SDF.

The difference in outcome between conventional IVF and ICSI cycles may be explained by technical differences between the two techniques. In IVF, both gametes are subjected to prolonged culture and exposure to oxidative stress, which is one of the major extrinsic factors causing SDF [@b0180]. Therefore, the fertilisation rate of IVF may be affected when there is a larger proportion of sperm with high SDF. In ICSI, a spermatozoon is injected directly into an oocyte. The better quality oocyte with less exposure to oxidative stress may better preserve its ability in repairing SDF to a certain extent [@b0185]. These factors may provide an explanation for the higher fertilisation rate in ICSI compared to IVF in the face of high SDF.

Risk of pregnancy loss {#s0050}
----------------------

Emerging evidence in recent years has indicated an association between high SDF and an increased risk of miscarriage after ART. High SDF was associated with a significant increase in the rate of pregnancy loss after IVF and ICSI with a combined OR of 2.48 (95% CI 1.52, 4.04; *P* \< 0.001) as reported in a systematic review [@b0145]. Another systematic review of 16 cohorts and 2969 couples confirmed a similar result and found that the risk of pregnancy loss was increased by 2.16-fold when semen specimens with high SDF were used for IVF and ICSI (95% CI 1.54, 3.03; *P* \< 0.001) [@b0190]. Both reviews suggested that the significant associations between high SDF and miscarriage rates did not depend on the method of fertilisation used. More recently, a positive association between recurrent spontaneous abortion and high SDF has also been reported [@b0195].

A more recent systematic review and meta-analysis of 14 studies and 2756 couples indicated that elevated SDF is associated with higher miscarriage rates for men undergoing ICSI (OR 2.68, 95% CI 1.40, 5.14; *P* = 0.003), but not for those undergoing IVF (OR 1.84, 95% CI 0.98, 3.46) [@b0160]. The result can be explained by the different sperm selection process between the two techniques. A spermatozoon with forward motility and normal morphology is selected and injected in ICSI. However, selection with this criterion does not eliminate the chance of injecting a spermatozoon with high SDF. Indeed, morphologically normal motile sperm from infertile men have significantly higher SDF compared to those of fertile counterparts [@b0030]. The paternal effect of SDF on all stages of embryo development may explain the higher miscarriage rate in ICSI when sperm with high SDF were used [@b0200]. On the other hand, the natural selection process was not completely bypassed in the process of IVF. It is more likely that a healthier spermatozoon with less SDF would have a higher chance of fertilising the oocyte during IVF.

Although most studies indicate an association between high SDF and pregnancy loss, drawing a robust conclusion remains difficult in view of the heterogeneity of studies. The issue becomes even more complicated with the involvement of female factors. It is illustrated well that the implantation and live-birth rates during IVF/ICSI cycles in women with reduced ovarian reserve were significantly decreased when SDF exceeded 27.3%. Whilst the risk of early abortion was increased in women with normal ovarian reserve in face of high SDF; the implantation, clinical pregnancy, and live-birth rates were not affected [@b0205]. The delicate balance between SDF and oocyte repair machinery may explain the inconsistent findings from various systematic reviews and meta-analyses, as female factors were often not uniformly reported.

In summary, high SDF is strongly associated with decreased pregnancy rates in natural conception and IUI. The association between high SDF and impaired pregnancy outcomes after IVF is suggestive, but not conclusive. The implication of SDF on pregnancy outcomes becomes less clear in ICSI. However, there is fair evidence indicating high SDF may lead to increased risk to pregnancy after IVF and/or ICSI. Despite the controversy surrounding the clinical use of SDF testing, the value of SDF in predicting ART outcomes has recently been recognised by the American Society for Reproductive Medicine (ASRM) [@b0210], AUA [@b0020], and EAU [@b0025].

Implications of SDF on birth defects and the possible sequelae on genetics {#s0055}
--------------------------------------------------------------------------

The development of ICSI has revolutionised the treatment of infertility. The technique can potentially bypass even the most severe form of male factor infertility and give the infertile couple a baby. However, the safety of ART remains a concern particularly with the knowledge of SDF in the last few decades. The higher incidence of chromosomal abnormalities in ICSI candidates [@b0215] and increased rate of aneuploidy [@b0220] associated with elevated SDF validate the concern on possible genetic defects in offspring. Animal studies in mouse models have shown the negative impact of high SDF on offspring including premature ageing, aberrant growth and behaviour, and increased incidence of tumours [@b0225].

The effect of smoking and paternal age on SDF represents an indirect evidence of the impact of SDF on offspring health. Heavy smokers exhibit higher levels of SDF and oxidative adduct formation in sperm and this may explain the suggested increase in incidence of childhood cancer in the offspring of heavy smokers [@b0230]. Impaired sperm DNA integrity in ageing men has been linked with dominant genetic diseases, polygenic neurological disorders, and birth defects [@b0095], [@b0235].

It is argued that there is lack of direct evidence demonstrating the deleterious effect of high SDF on the human offspring. However, the circumstantial evidence from animal studies is alarming [@b0095]. The unclear long-term consequences of transmitting defective genes, particularly in cases of extremely high SDF treated with ICSI, should not be overlooked. High-quality human study is impossible due to ethical issues. It may also require millions of ICSI children and several generations before any firm conclusion can be reached. Scepticism will persist until the question of the relationship between SDF and genetic defects is answered by longitudinal studies with sufficient samples and durations.

Treatment options for high SDF {#s0060}
------------------------------

Lack of effective treatment for high SDF has been a major obstacle in the clinical application of SDF. The situation is changing recently in view of the evolving evidence supporting different treatment strategies in alleviating SDF or selecting sperm with higher quality chromatin content for ART [@b0075]. The intake of oral antioxidants, varicocele repair, recurrent ejaculations alone or combined with sperm selection techniques, and the use of testicular sperm for ICSI, have been attempted with varying success rates. The treatment strategies for high SDF and their effects are summarised in [Table 2](#t0010){ref-type="table"} [@b0050], [@b0240], [@b0245], [@b0250], [@b0255], [@b0260], [@b0265], [@b0270], [@b0290], [@b0295], [@b0300], [@b0305], [@b0310], [@b0315], [@b0320], [@b0325], [@b0340], [@b0350], [@b0355].Table 2Summary of the effect on SDF using different treatment strategies.MethodSDF relative reduction,%SDF assayReferenceShort abstinence25SCDGosálvez et al. [@b0240]22TUNELAgarwal et al. [@b0245]Oral antioxidant therapy66TUNELGreco et al. [@b0250]18TUNELTunc et al. [@b0255]19SCSAMénézo et al. [@b0260]58TUNELMartínez-Soto et al. [@b0265]29SCDAbad et al. [@b0270]Varicocelectomy14SCSASmit et al. [@b0290]27SCDZini et al. [@b0295]MACS27TUNELLee et al. [@b0300]0TUNELNadalini et al. [@b0305]IMSI78TUNELHammoud et al. [@b0310]0SCDMaettner et al. [@b0315]PICSI68SCDParmegiani et al. [@b0320]0SCSARashiki Ghaleno et al. [@b0325]Density gradient centrifugation22--44[\*](#tblfn1){ref-type="table-fn"}SCDGosálvez et al. [@b0240]57SCDXue et al. [@b0340]Swim-up33SCDParmegiani et al. [@b0320]38SCDXue et al. [@b0340]Testicular sperm80SCDEsteves et al. [@b0050]80TUNELGreco et al. [@b0350]67TUNELMoskovtsev et al. [@b0355][^3]

Short abstinence {#s0065}
----------------

The effect of shortening the ejaculatory abstinence and repeated ejaculation as a potential means in reducing SDF in neat semen has been studied. A 22--25% reduction in the proportion of sperm with damaged DNA was achieved with ejaculatory abstinence of 1--2 days without compromising conventional semen parameters [@b0240], [@b0245]. It has been shown that oxidative stress-induced SDF during epididymal transit contributes to SDF in most patients [@b0050]. This provides a possible explanation for the effect of repeated ejaculation in decreasing SDF by reducing duration of epididymal transit and possible exposure to ROS.

Oral antioxidant therapy {#s0070}
------------------------

As oxidative stress has been investigated and found to play a detrimental role on sperm DNA integrity, the use of oral antioxidant has been studied in an attempt to reduce oxidative stress, and thus SDF. The possible beneficial effect has been suggested by studies reporting varying degrees of reduction in SDF after antioxidant therapy with different combinations of oral antioxidants [@b0250], [@b0255], [@b0260], [@b0265], [@b0270]. The use of oral antioxidants to manage elevated SDF was studied in 38 couples with a failed ICSI attempt. An increase in clinical pregnancy rate (48.2% vs 6.9%; *P* \< 0.05 for post- and pre-treatment with oral antioxidants) was noted after 2-months treatment with daily vitamin C and E, and a decrease in SDF was seen in 76% of men [@b0250]. A recent Cochrane review suggested a positive impact of oral antioxidants on live-birth rates in couples attending a fertility clinic (OR 4.21, 95% CI 2.08, 8.51; *P* \< 0.001) based on a small number of studies [@b0275]. Additional studies are required involving careful selection of patients with high levels of oxidation-induced SDF and a standardised treatment regimen.

Varicocelectomy {#s0075}
---------------

Varicocele repair represents an effective treatment in alleviating SDF in patients with high SDF in the presence of varicocele. A systematic review involving 511 patients from 12 studies comparing men with clinical varicocele with a control group demonstrated a higher level of SDF in men with varicoceles and an improvement in SDF after varicocele repair [@b0280]. A meta-analysis also revealed a 3.37% (95% CI 2.65, 4.08; *P* \< 0.001) reduction in SDF after varicocele repair [@b0285]. More recent studies have further shown a higher likelihood of conception after varicocelectomy associated with significant reductions in SDF. A significant decrease in SCSA SDF index from 35.2% to 30.2% (*P* = 0.019) was noted after varicocelectomy. Moreover, 37% of patients conceived naturally and 24% achieved pregnancy with ART after surgery. More importantly, postoperative SDF levels were significantly lower in those who achieved pregnancy whether naturally or through ART [@b0290].

Sperm selection {#s0080}
---------------

Sperm selection techniques including magnetic cell sorting (MACS), intracytoplasmic morphologically selected sperm injection (IMSI), and physiological ICSI with hyaluronic acid binding assay (PICSI), have brought about conflicting results [@b0300], [@b0305], [@b0310], [@b0315], [@b0320], [@b0325]. A recent study with ICSI has not identified any differences in fertilisation, pregnancy, quality of embryos, implantation rates, miscarriage rates, and live-birth rates in samples prepared with or without MACS, IMSI and PICSI [@b0330]. In another report evaluating 448 ICSI cycles from couples whose male partners had high levels of SDF, the authors applied interventions to reduce SDF including IMSI and PICSI and compared outcomes with a control group of 'no intervention'. The lowest live-birth rates of 24.2% were achieved when no intervention was adopted, whilst IMSI (28.7%) and PICSI (38.3%) resulted in modest improvements in the live-birth rate [@b0335].

Likewise, the effect of sperm preparation with density gradient centrifugation and swim-up on ART outcomes remains inconclusive; whilst some studies have found a reduction in SDF rates, others have failed to show any benefit [@b0225], [@b0305], [@b0325]. In addition, density gradient centrifugation has been reported to result in increased SDF, especially when higher centrifugation force and longer duration were used [@b0345].

Testicular sperm {#s0085}
----------------

The three- to fivefold lower SDF observed in testicular than ejaculated sperm support the use of testicular sperm for ICSI as a treatment strategy for high SDF [@b0050], [@b0350], [@b0355]. The reported relative reduction in SDF ranging from 66% to 80% is remarkably greater than other techniques described above ([Table 2](#t0010){ref-type="table"}). Indeed, the beneficial effect of testicular sperm over other sperm selection techniques has been reported. A higher live-birth rate of 49.8% was reported with the use of testicular sperm and ICSI, which was significantly higher than that of IMSI (28.7%) and PICSI (38.3%) (*P* \< 0.05) [@b0335].

Recent studies have shown promising result regarding the use of testicular sperm and ICSI in men with high SDF and oligozoospermia [@b0050], [@b0360]. In one study, the authors enrolled 172 infertile men with idiopathic oligozoospermia presenting with high SDF despite oral antioxidant therapy. For the testicular sperm-ICSI group vs the ejaculated sperm-ICSI group, respectively, the live-birth rates were 46.7% and 26.4% (*P* = 0.007), with a RR of 1.76 (95% CI 1.15, 2.70) favouring the use of testicular sperm [@b0050]. In another study, 24 men with severe oligozoospermia who failed one or more ART cycles using ejaculated sperm with a TUNEL-positive proportion of \>7% and subsequently underwent ICSI with testicular sperm were evaluated. A significantly lower TUNEL-positive rate in testicular sperm and a 50% pregnancy rate were reported with the use of testicular sperm in subsequent ICSI [@b0360]. The use of testicular sperm-ICSI in couples with previous ART failures are further supported by emerging data [@b0365], [@b0370].

Clinical application of SDF tests {#s0090}
---------------------------------

Whilst the importance of SDF has been increasingly supported by the literature, there seems to be insufficient evidence to endorse the routine application of SDF testing in the evaluation of infertile men [@b0020], [@b0025]. Although the growing body of evidence suggests its utility in directing the management of infertile couples [@b0050], [@b0335], specific indications for the test still await further research. The issue has been recently addressed by an expert panel of andrologists. The rapid advancements in SDF testing were structurally presented and specific indications for the most appropriate use of the assay were proposed based on the current best evidence [@b0375]. Potential clinical indications for SDF testing are summarised in [Table 3](#t0015){ref-type="table"} and its rationale are presented in [Table 4](#t0020){ref-type="table"} [@b0050], [@b0125], [@b0130], [@b0135], [@b0140], [@b0150], [@b0160], [@b0165], [@b0175], [@b0190], [@b0195], [@b0205], [@b0280], [@b0290], [@b0350], [@b0360], [@b0365], [@b0370], [@b0380], [@b0385], [@b0390], [@b0395], [@b0400], [@b0405], [@b0410], [@b0415], [@b0420].Table 3Clinical indications for SDF testing.*Clinical varicocele*SDF testing is recommended in patients with Grade 2/3 varicocele with normal conventional semen parametersSDF testing is recommended in patients with Grade 1 varicocele with borderline/abnormal conventional semen parameter results  *Unexplained infertility/IUI failure/RPL*SDF testing should be offered to infertile couples with RPL or prior to initiating IUIEarly IVF or ICSI may be an alternative to infertile couple with RPL or failed IUI  *IVF and/or ICSI failure*SDF testing is indicated in patients with recurrent failure of assisted reproductionThe use of testicular sperm rather than ejaculated sperm may be beneficial in men with oligozoospermia, high SDF and recurrent IVF failure  *Borderline abnormal (or normal) semen parameters with risk factor*SDF testing should be offered to patients who have a modifiable lifestyle risk factor of male infertility[^4]Table 4Indications, rationale and evidence for SDF testing.Indications and rationaleReferences*Varicocele*Significant association between SDF and varicocele has been detectedZini and Dohle [@b0280]; Esteves et al. [@b0380]Varicocelectomy improves percentage of SDF resulting in improved pregnancy ratesZini and Dohle [@b0280]; Smit et al. [@b0290]; Ni et al. [@b0385]Little is known about the effect of low-grade varicocele on SDF. High SDF has been reported in clinical varicocele, particularly Grade 2 and 3; improvement of SDF in all grades of varicocele have been reported after varicocelectomyNi et al. [@b0385]; Sadek et al. [@b0390]; Krishna Reddy et al. [@b0395]  *Unexplained infertility*High SDF is found in men with normal semen analysisSaleh et al. [@b0400]; Oleszczuk et al. [@b0405]SDF is an independent predictor of male fertility statusBungum et al. [@b0135]; Oleszczuk et al. [@b0405]SDF levels can predict the likelihood of natural pregnancyBuck Louis et al. [@b0125]; Zini [@b0130]  *Recurrent IUI failure*High SDF is associated with lower IUI pregnancy ratesBungum et al. [@b0135]; Duran et al. [@b0140]  *Recurrent pregnancy loss*High SDF is associated with greater incidence of abortionKhadem et al. [@b0195]; Ford et al. [@b0410]  *IVF and ICSI failures*SDF modestly affect IVF pregnancy ratesZini and Sigman [@b0150]; Osman et al. [@b0175]; Jin et al. [@b0205]SDF does not affect ICSI pregnancy ratesZini and Sigman [@b0150]; Zhao et al. [@b0160]High SDF is associated with greater incidence of abortion in both IVF and ICSIZini [@b0130]; Zini and Sigman [@b0150]; Simon et al. [@b0165]; Robinson et al. [@b0190]Testicular sperm have lower SDF than ejaculated spermEsteves et al. [@b0050]; Greco et al. [@b0350]; Moskovtsev et al. [@b0355]High IVF/ICSI success rates with testicular spermEsteves et al. [@b0050]; Greco et al. [@b0350]; Mehta et al. [@b0360]; Pabuccu et al. [@b0365]; Arafa et al. [@b0370]  *Lifestyle risk factor*Smoking and environmental/occupational exposures have detrimental effects on SDFYang et al. [@b0415]; Wijesekara et al. [@b0420]

Clinical varicocele {#s0095}
-------------------

As a substantial number of men with varicocele are able to conceive without difficulty, patient selection for varicocele repair is essential. The potential use of SDF testing in varicocele is based on the clear association between varicocele and SDF in both infertile and fertile men [@b0280]. Whilst the effect of varicocelectomy in alleviating SDF and possibly improving natural conception is supported by a few studies [@b0280], [@b0290], [@b0385], the relationship between SDF and varicoceles of different grades is less clear [@b0385], [@b0390], [@b0395]. The additional information offered by SDF tests is particularly valuable when the decision to perform varicocelectomy is difficult. Therefore, SDF assays should be recommended in men with Grade 2 and 3 varicocele with normal conventional semen parameters, and in patients with Grade 1 varicocele with borderline/abnormal semen parameters ([Table 3](#t0015){ref-type="table"}).

Unexplained infertility/recurrent pregnancy loss/IUI failure {#s0100}
------------------------------------------------------------

The limitation of semen analysis is illustrated by a significant proportion of infertile couple being classified as 'unexplained infertility' with normal semen parameters of the male partner. The role of SDF as an additional diagnostic tool and independent predictor of male infertility status has been explored [@b0135]. It is supported by an observation of impaired sperm DNA integrity in a proportion of men with normal semen parameters and unexplained infertility [@b0400], [@b0405]. Furthermore, the SDF result is highly predictive of natural pregnancy and IUI success [@b0125], [@b0130]. A few studies have also reported a significantly higher SDF in couples with recurrent pregnancy loss compared to controls [@b0195], [@b0410]. As a result, it is reasonable to offer SDF testing in couples with unexplained infertility or recurrent pregnancy loss for investigation of underlying aetiology. SDF tests also represent an option before initiating IUI in view of the negative implication of high SDF on IUI pregnancy rate. IVF or ICSI may be considered as the next treatment step for couples with high SDF in association with recurrent pregnancy loss or IUI failure ([Table 3](#t0015){ref-type="table"}).

IVF and/or ICSI failure {#s0105}
-----------------------

In contrast to the modest effect of SDF on IVF outcome [@b0150], [@b0175], high SDF seems to have little influence on ICSI outcomes [@b0150], [@b0160]. Nevertheless, compelling evidence suggests a correlation between high SDF and pregnancy loss after both IVF and ICSI [@b0130], [@b0150], [@b0165], [@b0190]. Amongst the treatment strategies, the use of testicular sperm represents a more promising method. In addition to the significantly lower SDF in testicular sperm [@b0050], [@b0350], [@b0355], higher success rates in ICSI using testicular sperm has been reported in recent studies [@b0050], [@b0350], [@b0360], [@b0365], [@b0370]. Therefore, SDF testing can provide useful prognostic information on subsequent ART cycles in patients with recurrent ART failures. The use of testicular sperm in ICSI may be beneficial in this group of patients ([Table 3](#t0015){ref-type="table"}).

Borderline abnormal semen parameters with risk factors {#s0110}
------------------------------------------------------

Exposure to various chemicals, including smoking and environmental pollutants, exerts significant impact on SDF by inducing oxidative stress [@b0415], [@b0420]. SDF tests should be offered to infertile men with evidence of exposure to pollutants or found to have modifiable lifestyle risk factors ([Table 3](#t0015){ref-type="table"}). The test result can reinforce the importance of lifestyle change, predict fertility, and monitor the response to risk factor modifications.

Conclusion {#s0115}
==========

Assessment of sperm DNA damage has evolved as a valuable adjunct in the evaluation of infertile men. The importance of sperm chromatin integrity in human reproduction and its causative relationship with oxidative stress has been increasingly unveiled. The rapid development of different SDF assays has hastened advances in the field. Numerous studies have shown the relationships between SDF and reproductive outcomes in natural conception and assisted reproduction. Recent supportive evidence of effective treatment strategies in managing high SDF further consolidates the role SDF testing in the management of male factor infertility. Although there is insufficient evidence for routine SDF testing for the evaluation of infertile men, several specific clinical indications have been proposed based on the current best evidence. This represents an important step forward in promoting the wider clinical application of SDF testing and facilitating future clinical research in male infertility.
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[^3]: Combined with short ejaculatory abstinence.
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